DNA synthesis catalysed by RNA-directed DNA-polymerase (reverse transcriptase)was found to proceed on the RNA template of an MS2 phage in the presence of heteropolymeric synthetic octa-and nonadeoxyribonucleotide primers complementary to the intercistronic region (coat protein binding site) and the region of the coat protein cistron, respectively. The product of synthesis consists of discrete DNA fractions of different length, including transcripts longer than 1,000 nucleotides. The coat protein inhibits SNA synthesis if it is initiated at its binding site, but has no effect on DNA synthesis initiated at the coat protein cistron. It has been suggested that, in this system, the initiation of DNA synthesis by synthetic primers is topographically specific. The MS2 coat protein binding site (an RNA fragment of 59 nucleotides) serves as a template for polydeoxyribonucleotide synthesis in the presence of octanucleotide primer and reverse transcriptase. The product of synthesis is homogenous and its length corresponds to the length of the template. The effective and complete copying of the fragment having a distinct secondary structure proves that the secondary structure does not interfere, in principle, with RNA being a template in the system of reverse transcription.
INTRODUCTION
RNA-directed DNA-polymerase catalyses DNA synthesis on various templates like RNA of oncornaviruses 1 ' 2 , animal ^'^, bacterial , and plant viruses, as well as poly(A)-contain-7 8 9 ing messenger RNAs ' , and polyadenylated ribosomal RNAs , i.e. it is not selective with respect to the nature of a template. The enzyme is not selective either to a primer which can be a short homopolymer of the deoxyribo series (oligo(dT), oligo(dG), etc.), a heteropolymer of the ribo series (tRNA Try , tANA r o ), or a heteropolymer of the deoxyribo series, for expample a synthetic heterooctadeoxyribonucleotide (for ref.
see ). The absence of the template-primer specificity makes reverse transcrlptase a universal tool capable of synthesizing almost any DNA, so far as the regions of a template and a primer are complementary. It seems highly desirable therefore to find a general approach that would be helpful to bring forth reverse transcription starting from a preset site on a template, and to obtain in this way DNA fragments required for sequence analysis and many other purposes.
As we have shown earlier , an octadeoxyribonucleotide, complementary to the spacer region between the coat protein and the replicase cistrons in a R17 phage, can initiate reverse transcription of H17 RNA catalysed by reverse transcriptase isolated from avian myeloblastosis virus. The product thus formed and the R17 RNA which served as a template are complementary, and the synthesis of the product depends entirely on the presence of a primer.
The present work was done in order to study the selectivity of initiation of DNA synthesis since it is possible that, in the case of a relatively short synthetic primer and a sufficiently long template, more than one region on a template can be, either entirely or partly, complementary to a primer.
MATERIALS AMD METHODS
The preparation of reverse transcriptase was isolated from a purified avian myeloblastosis virus according to Kacian et al.
with some modifications , RNA of phages R17, 12 MS2, f2 and Qjiwas isolated as described by Berzin et al.
. The MS2 R(-53 •* 6) fragment of KNA, protected with the coat protein from hydrolysis by T-RNAse, was isolated according to 13 Berzin et al. , and the coat protein, according to Sugiyama et al.
. , and the product was purified by ion exchange chromatography on DEAE-cellulose in the Tomlinson-Tener system at pH 7.0 and rechromatography in the same system at pH 3.5. H]dCTP (25Ci/mM), 0.02; a fragment of MS2 KNA, 5.5 ug/ml or MS2 RNA, 60 ng/ml; octadeoxyribonucleotide or nonadeoxyribonucleotide (a primer), 2-5 ug/ml, reverse transcriptase, 20 units/ml, total volume 0.1 ml. After the incubation at 37°C for 1 hr, the product was deproteinized, precipitated with ethanol in the presence of tRNA-carrier, treated with 0.3 N KOH at 3Y°C for 17 hrs, neutralized, and passed through a column packed with Ultrogel AcA 34 and equilibrated with 0.05 M triethylammonium bicarbonate buffer (pH 6.7). The eluate containing labeled DNA was evaporated and the residue was dissolved in deionized water.
In experiments on the effect of the coat protein on synthesis of DNA on the MS2 RNA template, tne rtNA was preliminarily incubated with the coat protein under conditions of the complex formation or under the same conditions, but in the absence of the coat protein; then, a 10 ^1 aliquot of the solution was added to 0.1 ml of the incubation mixture which contained all components required for DNA synthesis, including a primer and reverse transcriptase. The mixture was incubated at 37°C; at definite periods of time, aliquots were taken and precipitated with TCA in the presence of the carrier KNA (1 mg/ml). The precipitates were then washed witn 5 per cent TCA on nitrocellulose filters (AUPS, Cnemapol), dried, and their radioactivity was counted in a toluene. The stability of a complex between tne coat protein and MS2 [-^pJRNA at 37°C under conditions of DNA synthesis was measured by its binding to a nitrocellulose filter, but the mixture in this case did not contain a labeled deoxyribonucleoside triphosphate and reverse transcriptase. Tne lengtns of tne DNA products, synthe-sized on the MS2 RNA template, were determined by electropho-17 resis in 98 per cent formamide ' in plastic tubes (10x0.5om), the concentration of polyacrylamide gel being 4.5 per cent. After electrophoresis, gel slabs were scanned at 265 nm on a Scan 400 (Joyce Loeble) spectrophotometer and cut into fractions 1 mm thick. To determine their radioactivity, gel slices were placed into cuvettes containing 0.5 ml of a Protosol solution (NEN Company), kept at 50°C for 2 hrs, then cooled, and counted in 5 ml of toluene scintillation fluid by an Intertechnique SL 30 counter. The dimensions of the DNA product, synthesized on the MS2 RNA fragment, were determined by electrophoresis in polyacrylamide gel on Blabs (1.5 x 29 x 0.04 cm) in 0.04 M Tris-citrate buffer (pH 8.0) 18 containing 6 M urea, the size of fractions being 1.5 x 0.5 cm.
RESULTS
The effectiveness of DBA synthesis in the presence of reverse transcriptase and an octadeoxyribonucleotide primer, which is complementary to the spacer between the cistrons of the coat protein and replicase, has been compared for several RNAs isolated from phages. As can be seen in Table 1 , the effectiveness of transcription is almost identical for phages K17, MS2 and f2 that have similar non-translatable RNA regions between the cistrons of the coat protein and replicase . In contrast, RNA of a Qft phage, which has a differnt sequence in this region , is not transcribed in the presence of the given primer. It follows from Scheme B in Fig. 1 that the SNA product must be 52 nucleotides long because the primer is shifted by 7 nucleotides to the 3'-terminus of the fragment. Fig. 3A shows that the product is, in fact, of the length which should be expected in complete complementary copying of the RHA fragment. The absence of macromolecular fractions in the synthesized MA (Fig. 3B) suggests that there is no slippage of the template in the given system.
As follows from these experiments, the octanucleotide primer may occupy the place which was postulated earlier -* for a system with an intact phage RNA. This does not mean however A. Separation in a system containing 12 per cent gel and 6 M urea. 1 -MS2 R(-53-*5O) fragment containing 103 nucleotidea; 2 -tRNA (E.coli) detected in UV and containing 80 nucleotides; 3 -MS2 R(-53->6) fragment acting as a template in synthesis and containing 59 nucleotides; 4 -bromophenol blue.
As can be seen in Pig. 4, the coat protein inhibits the incorporation of a labeled precursor, and an incorporation into the acid-insoluble fraction is inversely proportional to the content of RNA in the complex.
The extent of binding is sufficient to account for the observed diminution of DNA synthesis. A sharp decrease of DNA synthesis in the presence of the coat protein occurs because this protein and the octanucleotide primer compete for binding to one and the same region of the SNA template; this region is no more accessible for the primer to be bound as soon as the coat protein has been preincubated with the MS2 RNA.
The slope of the curve (Pig. 4) describing the complex formation between coat protein and the MS2 RNA is due to slow thermal denaturation of the coat protein at 37° as was established in separate experiments (not shown).
It might be assumed that the primer non-specifically adsorbs on the coat protein; as a result, the effective concentration of the primer decreases, and reverse transcription is inhibited. This is not to be the case, as has been shown by experiments with another primer, a nonadeoxyribonucleotide which is complementary to the inner region of the coat protein cistron (Fig. 1A) . This region of MS2 RNA does not interact with the coat protein, and DNA synthesis is not inhibited here (see RLg. 4).
Therefore, on the one hand, the primer can interact with the region of a spacer in the whole RNA molecule to which it is complementary; on the other hand, the interaction of this, and only this, RNA region with the coat protein sharply inhibits reverse transcription initiated by the octadeoxyribonucleotide primer, and the remaining activity is directly proportional to the content of a free phage RNA in a solution.
If the primer is located within the spacer region between the cistrons of the coat protein and replicase, cDNAs corresponding in length to the two cistrons of the coat pro- A. In the presence of actinomycin D (100 /ig/ml); B. In the absence of actinomycin D. The markers used in the experiments were: 18S rRHA from ascite cells, 5S RNA from rat liver, and 4S RNA from yeast cells.
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tein and A protein can be obtained in principle after complete complementary copying of MS2 RNA (Pig. 1A). That is why we have determined the length of the product being synthesized; to this end, DNA was analysed by electrophoresis in polyacrylamide gel under denaturation conditions (Fig. 5A) . The product is heterogenous and consists of discrete peaks, the main peaks containing material 500 and 700 nucleotides long. Apart from these fractions which comprise the bulk of radioactivity, the product exhibits also small peaks corresponding to 1300 and 300 nucleotides in length.
The same fractions are formed in the absence of actinomycin D (Pig. 5B) as in its presence with an exception of two new peaks which are found in the region of short sequences. Though their nature has not been investigated, it might be presumed that the appearance of these peaks is related to synthesis of an anticomplementary DNA strand.
DISCUSSION
In this and the previous papers, it has been shown for the first time that short synthetic heteropolymeric deoxyribonucleotides can act as primers in reverse transcription of RNA templates. This approach has been used earlier in DNA synthesis on a DNA template, catalysed by DNA-polymerase 1 . In this case, the (+) chain of DNA of a f1 phage was used as a template, and a synthetic octadeoxyribonucleotide, as a primer. As a result, a unique sequence was synthesized, i.e. the initiation started at a definite, topographically fixed,point.
Reverse transcription can be initiated, as is shown in this work, either from the intercistron region or from a sequence within the structural gene. In both cases, the primer is not located at the 3'-terminus of the template, but is complementary to the inner region of an RNA chain, similar to a natural primer of oncornaviral RNAs, tRNA. Synthesis with one and the same primer is more effective when a fragment of a phage RNA is used rather than the whole phage RNA. This may be due to the fact that a region, which is complementary to the primer, is more exposed to intermolecular interactions in the fragment than in the whole RNA molecule.
The possibility to obtain complete transcripts of various macromolecular RNAs 3,4,25-27^ and elements of the secon-?8 ?9 dary structure found in cDNAs • suggest that the secondary structure of a template is not, in principle, an obstacle to reverse transcription. The data on complete complementary copying of the RITA fragment consisting of two hairpins can serve as direct proof (Pig. 1B).
According to the data obtained with the fragment of R17 RNA •* , the melting point of hairpin (1) (Pig. 1B), under conditions similar to those of incubation for DNA synthesis, is 88°C whereas T of hairpin (2) is 64°C Even if T of hairpin (1) decreases due to a lower concentration of Mg and substitution of an AC pair for an AU pair, when the fragment of MS2 RNA is used instead of the fragment of R17 RNA, T ffl of hairpin should not be below 70°C, this being by 30°C higher than the temperature at which the synthesis was conducted. Hairpin (2) apparently melts to a considerable extent because its intramolecular stability decreases as soon as a complex with the oligonucleotide primer has been formed, and this makes the paired region shorter by at least two GC pairs (see Pig. 1A).
As has been shown separately (unpublished) the efficiency of complex formation between MS2 RNA fragment and the octanucleotide at the given temperature and concentrations of the reacting molecules does not exceed 10-15$. In other words, only a limited fraction of the RNA templates do contain hydrogen-bonded primer. The extent of the cDNA synthesis was calculated to correspond to 6-8% of the total number of templates present in the incubation mixture. Prom comparison of these two values it follows that about half of all the oligonucleotide molecules attached to the template was utilized as primers. Therefore, the synthesis could not involve only a negligible fraction of the template molecules whose secondary structure might be lost as a result of thermal fluctuations •* . The length of the cDNA product proves that hairpin (1) has been completely transcribed. Consequently, the secondary structure of the RNA template does not hinder reverse transcription under the action of reverse transcriptase.
It does not follow however that the secondary structure of the template is of no importance to the action of the enzyme. An increase in temperature and a decrease in ionic strength are known to elongate DNA chains being synthesized ; moreover, "structural" stops are observed in synthesis, and these stops are probably related to the influence of the 25 3 template secondary structure ' . "Structural" stops are also responsible apparently for the discrete character of synthesized DNA fractions (Pig. 5). Distances from the initiation point for transcripts of different length correspond approximately to a region in the cistron of the coat protein between two large hairpins, the end of the cistron of the A protein, and inner regions in the cistron of the A protein.
The length of a complete transcript must be r-1750 nucleotides. The region corresponding to this length is radioactive after gel electrophoresis (Pig. 5), which suggests that a small fraction of complete transcripts is present in the preparation.
The "melting" ability of revertase seems to be enough for the complementary copying of oncornaviral and probably a number of other RNAs in vivo. However, it is probably not sufficient (under conditions similar to those in vivo) to use highly structured RNAs as templates of reverse transcription.
The hypothesis of the "unwinding" action of revertase provides explanation for findings that oligomerization of the enzyme is required if synthesis occurs on a template with the secondary structure, and is not necessary when a template does not have the secondary structure .In the former case, a molecule of revertase binds to the template and catalyses the reaction; another, or other, molecule(s) of the enzyme, which are associated with the first molecule, unwind the template, thus preparing it for the synthesis. Synthetic templates that lack hairpins do not require "unwinding" molecules, and the synthesis can be catalysed by the monomeric form of revertase.
